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Analysis of alpha-induced reactions on 151Eu below the Coulomb barrier
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“Horia Hulubei” National Institute for Physics and Nuclear Engineering,
P.O. Box MG-6, 077125 Bucharest-Magurele, Romania
Novel measurements of (α, γ) and (α,n) reaction cross sections on the target nucleus 151Eu, close to
the reaction thresholds, support the setting up of recent parameters of the α-particle optical model
potential below the Coulomb barrier. A better understanding of the α-particle optical potential
at these energies leads to a statistical model analysis of additional partial cross sections that were
formerly measured but not considered within the model analysis. On this basis we have tentatively
assigned a modified Jpi=9− spin and parity to the 22.7-h isomer in 154Tb.
PACS numbers: 24.10.Ht,24.60.Dr,25.55.-e,27.60.+j
The cross sections of the 151Eu(α, γ)155Tb and
151Eu(α,n)154Tb reactions have been recently measured
at energies relevant for the astrophysical γ-process,
namely between 12 and 17 MeV, in order to extend the
related experimental database towards the heavier mass
region [1]. These results were compared with predic-
tions of statistical model calculations and it was found
that the calculations using the well-known optical po-
tential by McFadden and Satchler [2] overestimate the
cross sections by about a factor of 2. A careful sensitiv-
ity analysis performed at the same time has shown that
this discrepancy is caused by the inadequate description
of the α+nucleus channel which is regarded as a current
challenge in nuclear astrophysics [1].
In the meantime an analysis of all available α-particle
induced reaction cross sections on nuclei within the mass
number range 45≤A≤197, below the Coulomb barrier,
has been carried out [3] leading to an optical model po-
tential (OMP) which describes the α-particle elastic scat-
tering at low energies as well. Taking advantage of both
elastic-scattering and α-particle induced reaction data
systematic analysis, the energy dependence of the sur-
face imaginary potential depth has been proved to be es-
sential for the understanding of the α-particle interaction
behavior below the Coulomb barrier. This OMP (Table I
of Ref. [3]) has been used in the present work within sta-
tistical model (SM) calculations of the 151Eu(α, γ)155Tb
and 151Eu(α,n)154Tb reaction cross sections. We use the
same approach [3] and consistent set of local SM parame-
ters that have been established or validated on the basis
of independent experimental information for, e.g., neu-
tron total cross sections, γ-ray strength functions based
on neutron-capture data, and low-lying levels and reso-
nance data. The results of this calculation are found in
close agreement (Fig. 1) with the measured (α,n) reac-
tion cross sections [1]. A slightly different case is that
of the (α, γ) reaction, its calculated cross sections being
also monitored by the γ-ray strength functions. Never-
theless, the use of the related systematic model param-
eters (Sec. II.B of Ref. [3]), corresponding finally to a
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s-wave neutron resonances radiative width Γγ0∼150 meV
of the compound nucleus 155Tb, makes possible the ac-
curate description of also the 151Eu(α, γ)155Tb reaction
cross sections.
On the other hand, Fig. 1 also shows the SM calculated
cross sections corresponding to the OMPs of McFadden
and Satchler [2] and Rauscher [4], which are discussed
in Ref. [1], while the remaining model parameters are
unchanged. These potentials obviously fail to describe at
the same time both (α, γ) and (α,n) reactions on 151Eu,
even when some reduction or enhancement factors are
used. At the same time the total reaction cross sections
corresponding to one [2] of these OMPs are also shown in
Fig. 1 in order to point out the key role of the α-particle
OMP for the model predictions of the dominant (α,n)
reaction cross sections.
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FIG. 1: (Color online) Comparison of the measured [1] and
calculated (α, γ) and (α, n) reaction cross sections for the
target nucleus 151Eu, using the OMPs of Refs. [2] (broken
curves), [4] (chain), and Table I of Ref. [3] (full). The calcu-
lated α-particle total reaction cross sections corresponding to
the OMP of Ref. [2] are shown as well (dotted).
2Once the understanding of the α-particle OMP is im-
proved, the recently measured partial (α,n) reaction cross
sections to the ground state (g.s.) and two long-lived iso-
meric states of the residual nucleus 154Tb [1] can also be
used in this analysis. A SM calculation of these cross
sections would be rather questionable because of several
peculiar issues that characterize this odd-odd neutron-
deficit isotope, the only stable isotope of Terbium being
159Tb. Firstly, only excitation energy limits of the two
isomers are known, namely ≤25 keV [5] and (200±150)
keV [6] for the m1 and m2 isomers, respectively. Sec-
ondly, there is no data concerning their feeding by γ-ray
cascades from the discrete levels above them, which are
populated at their turn within the (α,n) reaction through
side feeding and decay of the continuum of excited states.
Actually, beyond the two isomers, only several high-spin
level bands are known, excited through heavy-ion in-
duced reactions of the type (HI,x5n) [5]. Consequently,
we first started with a rough calculation of the above-
mentioned partial cross sections using only the three dis-
crete levels of the residual nucleus 154Tb for which these
data had been measured (Table 3 of Ref. [1]). The con-
tinuum of excited states above the three discrete levels
has been described by the back-shifted Fermi gas (BSFG)
nuclear-level density parameters a=18.15 MeV−1 and
∆=-0.95 MeV. These parameter values correspond to the
BSFG parameter systematics [7] and fit of the low-lying
discrete levels [8] of the similar isotopes 156,158Tb. We
have taken advantage of Nd≈18 discrete levels of
156Tb,
up to the excitation energy Ed≈405 keV, which are also
rather close to the level scheme of 158Tb better known
up to even higher energies. The calculated partial (α,n)
reaction cross sections are shown in Fig. 2(a). The agree-
ment obtained for the dominant m1 isomer has been ex-
pected due to the similar one found for the (α,n) reac-
tion total cross section (Fig. 1). On the other hand, the
calculated cross sections for the g.s. and m2 states are
different by factors from 2 to 10 with respect to experi-
mental data, while the order of their excitation functions
is reversed.
As we aimed to use a more realistic low-lying discrete
level scheme of the residual nucleus 154Tb in the SM cal-
culation, the following assessment has imposed itself as
the only viable solution. Thus, the Nd=18 low-lying lev-
els of 156Tb, up to the excitation energy Ed=405 keV,
is used within the present SM calculation as the discrete
level scheme of the residual nucleus 154Tb. The only
change done in this respect is the replacement of the
long-lived 3−, (7−) and (0+) levels of the 156Tb nucleus
[9] by the g.s. and m1 and m2 isomers of 154Tb. An ad-
ditional assumption concerns the g.s. parity, a negative
value being used in agreement with the structure of the
other odd-odd Tb isotopes [8]. Moreover, the spin, par-
ity, and decay of the 156Tb levels just above the Nd=18
have been considered for the few lower levels of 156Tb
nucleus without the corresponding assignments [9]. The
results displayed in Fig. 2(b) show a marked improve-
ment for the g.s. population while the assumption of the
g.s. negative parity plays no role in this respect. How-
ever, the partial cross sections of the m2 isomer are still
overestimated by an average factor of ∼2. Furthermore,
this difference has been found to be rather insensitive to
any change of other SM parameters as the nuclear-level
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FIG. 2: (Color online) Comparison of the measured [1] and
calculated partial (α,n) reaction cross sections to the ground
state (g.s.) and m1 and m2 isomeric states of the residual
nucleus 154Tb using discrete level schemes of this nucleus in-
cluding (a) only the three long-lived levels [5], (b) a number of
Nd=18 levels up to the excitation energy Ed=405 keV, on the
basis of the 156Tb nucleus structure [9], and (c) an additional
assumption of 9− m2 isomer [1].
3density or γ-ray strength functions.
Under these circumstances a final remark concerns the
second isomer spin. A former suggestion of a 9− m2
isomer shown in Fig. 1 of Ref. [1] corresponds indeed
to reduced partial cross sections for its population. This
assumption is confirmed by a final SM calculation of our
work, the only additional change being the replacement
of the 7− m2 isomer by a 9− one. The results shown in
Fig. 2(c) describe well the measured data except for the
two data points at the highest energies. The reason of
this sudden decrease of the g.s. and m2 isomer partial
cross sections is less clear, no new reaction channel being
just opened at these energies while the α-particle total
reaction cross section is continuously increasing (Fig. 1).
Nevertheless, taking into account the last assumption of
a 9− m2 isomer, one may consider that the new (α, γ)
and (α,n) reaction cross section measurements on the
target nucleus 151Eu [1], close to the reaction thresholds,
support the setting up of the α-particle OMP [3].
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